Introduction {#sec1}
============

Currently, fossil fuels provide a considerable part of the world's energy supply.^[@ref1]^ There are concerns about the increase in the concentration of greenhouse gases released into the atmosphere and the global climate changes resulting from the use of these fuels.^[@ref2]^ Electrical energy storage (EES) can generate clean energy from the large-scale integration of variable renewable electricity sources (VRESs), such as wind, water, solar, and nuclear energies.^[@ref3]^ Accordingly, these technologies decrease fossil fuel consumption and consequently reduce the generation of greenhouse gases.^[@ref1],[@ref2]^ One of the first types of batteries used for EES is lithium-ion batteries (LIBs). They have been used widely as rechargeable storage devices in most of the electronic devices such as mobile phones, personal computers, and electronic vehicles because of their high capacity, long lifetime, and rate capability.^[@ref4]−[@ref8]^ However, some concerns such as high price and limited lithium resources have been raised about continuing the production of LIBs.^[@ref7],[@ref9],[@ref10]^

Sodium-ion batteries (SIBs) have recently received tremendous attention as a promising alternative to LIBs because of the low cost of sodium (∼\$150/ton) in comparison with lithium (∼\$5000/ton) and more abundance of sodium resource.^[@ref4],[@ref9],[@ref11]^ A prevalent anode material of LIBs is graphite, which is less successful in accommodating Na ions and cannot be an appropriate candidate for SIBs.^[@ref12],[@ref13]^ A Na ion has a larger radius (1.06 Å) than a Li ion (0.76 Å).^[@ref14],[@ref15]^ The small interlayer space of graphite (3.34 Å) can create a thermodynamic and kinetic limitation of sodium diffusion and adsorption in this structure.^[@ref16]−[@ref19]^ Thus, remarkable attempts have been made to find an appropriate negative electrode for SIBs.

Just like in LIBs, recent research studies have shown that two-dimensional (2D) materials, because of their outstanding structural and electronic features, have gained increasing attention as suitable candidates for SIBs.^[@ref20]−[@ref23]^ Most of the 2D materials can provide lower energy barriers for sodium-ion diffusion and larger surface areas for sodium storage in comparison with bulk materials.^[@ref9],[@ref23],[@ref24]^ One such material is hybrid phosphorene/graphene nanocomposite, which was studied by Wang et al. using first-principles calculations.^[@ref5]^ They showed that the mechanical properties of phosphorene can be improved by introducing graphene layers between phosphorene layers. Therefore, sodium atoms can be incorporated between the phosphorene and the graphene layers with favorable adsorption energy. This investigation also showed that the computed specific capacity for this material was about 372 mAh g^--1^, which was more than that of the pristine phosphorene (324 mAh g^--1^).^[@ref25]^ Another type of 2D material is silicene/graphene heterostructure, which was studied by Shi et al.^[@ref26]^ They considered the feasibility of using a Si/G heterostructure as an anode electrode material for SIBs and LIBs by first-principles calculations. They calculated the theoretical capacity of 487 mAh g^--1^ for lithium and sodium storage. Moreover, their results showed that this material can provide low energy barriers with appropriate diffusion paths for Li and Na ions. Some of the other 2D materials that have been investigated by DFT as SIB anodes are layered MoS~2~ (146 mAh g^--1^),^[@ref27],[@ref28]^ monolayer phosphorene (865 mAh g^--1^),^[@ref9]^ silicene (954 mAh g^--1^),^[@ref29]^ boron-doped graphene (762 mAh g^--1^),^[@ref21]^ β12 borophene and χ^3^ borophene (1240 and 1984 mAh g^--1^, respectively),^[@ref30]^ boron-doped graphyne (751 mAh g^--1^),^[@ref31]^ and among others.^[@ref32],[@ref33]^

GDY is one of the carbon allotropes that has been investigated as an anode material for LIBs.^[@ref34]^ Also, this structure can be synthesized in different morphologies (such as nanotubes, nanowires, and nanowalls) by morphology-controlled syntheses, which are used as energy storage materials, highly efficient catalysts, and so on.^[@ref35],[@ref36]^ It has been shown that GDY nanofilms with a conductivity of 2.516 × 10^--4^ S m^--1^ have semiconductor properties.^[@ref37]^ An investigation of GDY as an anode material for LIBs indicates an excellent capacity of 1388 mAh g^--1^ for Li storage.^[@ref38]^ The sp--sp^2^-hybridized GDY substructure was first synthesized by Haley et al.^[@ref39]^ This structure is composed of a framework of sp and sp^2^ carbon atoms that form two types of pores, as shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. One of them is a hexagonal ring (H site), and the other is a bigger trigonal pore (T site).^[@ref40],[@ref41]^ A previous study of pristine GDY as an anode material for SIBs demonstrated that this structure had a theoretical capacity of 744 mAh g^--1^ (LiC~4~).^[@ref42]^

![Framework of GDY with sp and sp^2^ carbon atoms.](ao0c00422_0001){#fig1}

BGDY is one of the graphdiyne derivatives. This structure has two known configurations. Wang et al. constructed one such structure, which was composed of equal large hexagonal pores.^[@ref11]^ They investigated the storage of sodium in this structure and concluded that this newly synthesized material with high conductivity and a capacity of 1617 mAh g^--1^ can be a suitable anode material for application in SIBs. Also, theoretical investigations on this type of BGDY have indicated a low diffusion energy barrier for ion mobility and a high theoretical capacity of sodium storage (818 and 1617 mAh g^--1^ for different studies).^[@ref43],[@ref44]^ Thus, this newly synthesized BGDY can be a promising anode material for SIBs. The structure of the other type of BGDY investigated in this work is composed of hexagonal rings and trigonal pores, which can be formed by the replacement of boron atom with carbon atom per 18-atom GDY unit cell. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} shows a 4 × 4 BGDY supercell with two different sites (T site and H site). As shown in the figure, each of them can be considered as a unit cell for the BGDY supercell.

![Supercell of BGDY and two different types of unit cells.](ao0c00422_0002){#fig2}

In this study, using the first-principles calculations, we investigated the BGDY monolayer application as an anode material in SIBs. For this purpose, we estimate some important parameters such as adsorption energy of sodium atoms and the diffusion of sodium ions on a BGDY monolayer, electronic conductivity using band structure and DOS diagrams, and theoretical capacity. Furthermore, the interaction of sodium with both GDY and BGDY nanosheets is studied by PDOS plots to suggest the adsorption mechanism.

Results and Discussion {#sec2}
======================

Electronic Properties {#sec2.1}
---------------------

Electronic conductivity is a significant factor to consider a structure as an electrode material for application in SIBs. In this research study, the band structure and DOS plots have been used to study the electronic properties of GDY and BGDY structures. By analyzing the DOS plot of the pristine graphdiyne (as shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a), we can conclude that the pristine graphdiyne with a closed-shell structure is a semiconductor having a band gap of about 0.5 eV, where the Fermi level is located in the middle of the band gap. This observation is consistent with the previous study.^[@ref45]^

![Band structure and DOS plots of (a) GDY and (b) BGDY. The zero energy is set to the Fermi energy.](ao0c00422_0003){#fig3}

Replacing a boron atom instead of a carbon atom in each 18-atom unit cell of the GDY structure creates an electronic hole in the closed-shell electronic structure of GDY and shifts the Fermi level to the valance band. Therefore, as shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}, we observed a transfer from a semiconductor GDY ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a) to a metallic BGDY ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b). On the other hand, the electron transfer on the electrode surface is the basis of the charge/discharge mechanism. Thus, by boron doping, we observed an improvement in the electron transfer phenomenon on the electrode surface.

Sodium Adsorption on the Surface of Monolayer BGDY/GDY {#sec2.2}
------------------------------------------------------

As shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}, the BGDY supercells have two different sites, namely, T site and H site. These two sites are considered as active sites for the adsorption of sodium atoms. On the other hand, the T sites have two different positions for adsorption: in the corners and in the center of this trigonal pore. [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} shows three types of BGDY adsorption positions, A (top of H site), B (corners of T site), and C (center of T site). We investigated the energy and mechanism of sodium adsorption in these three sites by all atomic relaxations ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00422/suppl_file/ao0c00422_si_001.pdf)). Note that in the T site adsorption, the first sodium atom is placed at the center of the hole without height after relaxation ([Figure S1b](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00422/suppl_file/ao0c00422_si_001.pdf)). An increase in the sodium concentration at this site leads to the adsorption of more sodium atoms away from the center. When the number of sodium atoms at the T site is six, the up and down of corners are fully occupied ([Figure S1c--e](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00422/suppl_file/ao0c00422_si_001.pdf)).

![Three active adsorption sites (A, B, C) of the BGDY surface.](ao0c00422_0004){#fig4}

###### Optimized Cell Parameters of GDY and BGDY

  structure   calculated cell parameter (Å)   previous studies (Å)
  ----------- ------------------------------- ----------------------
  GDY         9.45                            9.48
  9.38                                        
  BGDY        9.63                             

Calculations indicate that the seventh and eighth sodium atoms are adsorbed on the first sodium layers exactly on the top of the T site center ([Figure S1f](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00422/suppl_file/ao0c00422_si_001.pdf)). [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"} shows the adsorption energies of these sites. These results show that the adsorption of one sodium atom on the T site is stronger than that on the H site. Two factors are responsible for this phenomenon: (1) T site has a larger diameter than H site and (2) T site has a lower electron charge density and so the number of electrons transferred at this site is more than that at the H site because the adsorption is due to the charge transfer from a sodium electron donor to a BGDY electron acceptor. Also, to show the effect of boron doping on adsorption energy, we investigated the adsorption of sodium on the T site and the H site of GDY and BGDY (see [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}). The results show that owing to the presence of boron atoms with less electron charge density, BGDY has more electron affinity and subsequently higher adsorption energy than GDY. Boron atoms create an electronic hole in the closed-shell electronic structure of pristine GDY and subsequently increase the electron transfer from a sodium electron donor to the electronegative BGDY surface in the adsorption process. The PDOS plots ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}) indicate the level of sodium ionization at each adsorption site of DGY/BGDY. As shown in these plots, in the H site and the T site of BGDY, the s-orbital peak of sodium is shifted toward the conductive band more than that of the corresponding sites in GDY. Thus, the degree of sodium ionization in BGDY is more than that in GDY. Also, in both structures, the degree of sodium ionization at the T site is higher than that at the H site. The peak of the s-orbital of isolated sodium in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a is referenced as the amount of peak shift and sodium ionization. Thus, in terms of adsorption energy, BGDY is better than GDY as an anode material for SIBs. On the other hand, at the T site, the average adsorption energy is decreased with an increase in sodium concentration. As the number of adsorbed sodium increases, the electron density on the surface is increased and the electronegativity of the surface and subsequently the adsorption energy are decreased (see [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}).

![PDOS plots of (a) s-orbital of an isolated sodium atom, (b) Na\@BGDY H site, (c) Na\@BGDY T site, (d) Na\@GDY H site and, (e) Na\@GDY T site. The zero energy is set to the Fermi energy.](ao0c00422_0005){#fig5}

###### Adsorption Energies of H Site and Different Concentrations of T Site

  number of sodium   T site adsorption energy (eV)   H site adsorption energy (eV)
  ------------------ ------------------------------- -------------------------------
  1 Na               --4.12                          --3.20
  2 Na               ⋮                               --2.38
  3 Na               --2.21                          not adsorbed
  4 Na               --2.18                          not adsorbed
  6 Na               --1.91                          not adsorbed
  8 Na               --1.79                          not adsorbed

###### Adsorption Energy and Adsorption Height for GDY and BGDY Unit Cells

         T site   H site            
  ------ -------- -------- -------- ------
  GDY    --3.27   0        --2.27   2.24
  BGDY   --4.12   0        --3.20   2.22

For further investigation of the Na--BGDY interaction, we calculate the electron charge density of the sodiated structure. As shown in [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00422/suppl_file/ao0c00422_si_001.pdf), there is no covalent overlap between the charge density of sodium and BGDY atoms. Thus, adsorption of sodium on BGDY/GDY is physical and not chemical. Reversibility is one of the characteristics of physical adsorption. However, chemical adsorption is irreversible due to the high binding energy. Thus, adsorption of sodium on GDY/BGDY is physical and reversible.

Diffusion Energy Barrier of Sodium Ions on the Monolayer BGDY {#sec2.3}
-------------------------------------------------------------

Investigation of the mobility of sodium ions on the anode structure is a substantial issue and plays a significant role in the performance of SIBs. The calculation of diffusion energy barriers to finding a low energy pathway for the movement of sodium ions on the structure can help us better understand the charge/discharge rate.^[@ref46]^

Now, we investigate the migration behavior of sodium ions via two main kinds of diffusion paths: out-of-plane and in-plane diffusion. Climbing image nudged elastic band (CI-NEB) calculation was used to evaluate the diffusion energy barrier of sodium ions.^[@ref47],[@ref48]^ In out-of-plane diffusion, a sodium ion migrates from one side to another side of the BGDY monolayer in the H site. [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} shows this path and its energy barrier, which is about 29.43 eV. This energy is very large, and probably sodium ion cannot pass through this site without damaging the structure. On the other hand, there is no energy barrier to pass through the T site. Because the stable adsorption height of sodium at this site is zero, the sodium ion uses the T site to migrate from one side to another side of the structure.

![Out-of-plane diffusion through H site (TS denotes transition state).](ao0c00422_0006){#fig6}

In the in-plane diffusion, we consider two possible paths: (I) between two adjacent H site and T site ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}) and (II) between two adjacent T sites ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}). In the first case, the sodium ion starts to move from the top of the H site center toward the most stable position (T site) of the 4 × 4 supercell. In this path, a sodium ion passes through the top of the sp^2^--sp^2^ bond that creates an energy barrier of about 0.11 eV. In the second case, the initial and final stable positions are two adjacent T sites. There are three paths for sodium ion migration in this type of diffusion. [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"} demonstrates these paths and their energy barriers. In the first path (blue arrow), the sodium ion moves from the T site center, passes from the top of the boron atom, and reaches the final position in the center of the adjacent T site. In the second one (gray arrow), the sodium ion passes from above the C--C bond center that is located between two adjacent T sites. In the third path (orange arrow), the sodium ion goes through the top of the carbon atom. The energy barriers for these paths are about 0.55, 0.62, and 0.48 eV, respectively.

![Diffusion paths and energy barriers of H site to T site (or T site to H site) migration.](ao0c00422_0007){#fig7}

![Different paths of T site to T site diffusion and their energy barriers.](ao0c00422_0008){#fig8}

In the first case (H site to T site ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"})), the low energy barrier is due to the instability of the H site adsorption compared with the T site adsorption. Also, the results of T site to T site diffusion indicate that passing the top of the boron atom has a lower energy barrier in comparison with passing the top of the carbon atom. This is due to the low electron density of the boron atom than that of the carbon atom, which tends to interact most with the sodium electron donor. Note that the low energy barrier of the C--C bond path is due to the higher electronegativity of the two sp-hybridized carbon atoms in comparison with boron atoms.

Electron Charge Density {#sec2.4}
-----------------------

To clearly show the effect of electron density on the adsorption energy and diffusion energy barrier, we performed an electron charge density calculation. [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"} shows the calculated electron charge density of the BGDY surface in the *XY-*plane. A comparison of adsorption energies, barrier energies, and electron charge density shows that the presence of boron atoms in BGDY creates an electron-less system and increases the adsorption energy in comparison with that of GDY. This figure shows that the T site has a very low electron charge density than the H site, which is in agreement with the amount of adsorption energies. Also, BGDY, through the presence of boron atoms, creates a path with a low energy barrier and decreases the diffusion energy barrier.

![Electron charge density of the BGDY surface (red/blue color area has the maximum/minimum value of charge density).](ao0c00422_0009){#fig9}

Theoretical Capacity {#sec2.5}
--------------------

To calculate the theoretical capacity, the maximum number of sodium atoms adsorbed on the BGDY surface is obtained. As shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}, a 2 × 2 supercell of BGDY consists of four H sites and two T sites. In the section of the adsorption energy calculation ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}), we indicate that each H site and T site can adsorb at the most two and eight sodium atoms, respectively. Thus, a 2 × 2 supercell can store a minimum of 24 sodium atoms. Then, we add four sodium atoms to the structure. The calculations represent that 28 sodium atoms can be adsorbed on the BGDY surface without the clustering of sodium atoms (the energy of sodium clustering is −1.13 eV). [Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00422/suppl_file/ao0c00422_si_001.pdf) shows the fully adsorbed BGDY structure, and [Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"} shows the calculated adsorption energies of some of the low and high sodium concentrations. From this storage capacity, we obtained the theoretical capacity of 872.68 mAh g^--1^, which is calculated bywhere *C*~t~, *n*, *F*, and *M* are the theoretical capacity, the number of electrons transferred in the electrochemical process, the Faraday constant, and the molecular mass of BGDY, respectively. The theoretical capacity of BGDY indicates an improvement in comparison with that of nondoped graphdiyne (744 mAh g^--1^)^[@ref42]^

###### Adsorption Energies of Different Sodium Concentrations on BGDY

  sodium concentration   *E*~ad~ (eV)
  ---------------------- --------------
  1 Na                   --9.70
  2 Na                   --6.64
  ⋮                      ⋮
  20 Na                  --2.07
  24 Na                  --1.81
  26 Na                  --1.97
  28 Na                  --1.98

Cohesive Energy {#sec2.6}
---------------

To evaluate the stability of the sodiated structures with an increase in the concentration of adsorbed sodium, we calculate the cohesive energy of the T site and supercell for some concentrations, and the results are given in [Table [5](#tbl5){ref-type="other"}](#tbl5){ref-type="other"}. A more negative value of *E*~coh~ indicates higher stability of the structure. The results show that the stability of Na\@BGDY decreases gradually with the increasing number of adsorbed sodium atoms. This is a promising result of using BGDY as an anode material in SIBs.

###### Cohesive Energy of Multiple Adsorptions of Sodium on BGDY

  T site   supercell           
  -------- ----------- ------- --------
  1 Na     --8.06      1 Na    --8.26
  3 Na     --7.41      2 Na    --8.20
  4 Na     --7.16      ⋮       ⋮
  6 Na     --6.69      20 Na   --6.90
  8 Na     --6.26      24 Na   --6.67
                       26 Na   --6.58
                       28 Na   --6.49

Computational Method {#sec3}
====================

All our calculations have been performed within the density functional theory (DFT) framework^[@ref49]^ and based on the plane wave basis sets--self consistent field theory (pwscf)^[@ref50]^ using the Quantum ESPRESSO package.^[@ref49]^ DFT calculations in this study have been carried out by the projected-augmented wave (PAW) pseudopotential.^[@ref51],[@ref52]^ Generalized gradient approximation (GGA)^[@ref53]^ developed by Perdew--Burke--Ernzerhof (PBE)^[@ref53]^ is used to calculate the electronic exchange--correlation energy. The semiempirical correction scheme of Grimme (DFT-D2)^[@ref54],[@ref55]^ is adopted to define the van der Waals interaction between sodium and BGDY surface in both adsorption and diffusion mechanisms. Kinetic energy cutoff is optimized in 90 Rydberg to limit the Kohn--Sham wave functions. The numerical integration in the Brillouin zone (BZ) is performed using the Monkhorst--Pack^[@ref56]^ grid of 10 × 10 × 1. The optimized cell parameters of the hexagonal lattices of GDY and BGDY are 9.45 and 9.63 Å, respectively, which shows an expansion in the cell after boron doping. These optimized cell parameters are in agreement with previous works.^[@ref57],[@ref58]^[Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} lists the relaxed cell parameters of GDY and BGDY. To avoid interactions of layers in the periodic boundary condition, the *c* vector is considered to be 20 Å. The average adsorption energy of sodium on GDY and BGDY surfaces is defined as follows^[@ref5],[@ref30]^where *E*~ad~, *E*~bare~, *E*~Na~, *E*~complex~, and *n* are the adsorption energy, the energy of the bare structure, the energy of the isolated single Na atom, the energy of adsorbed structures, and the total number of adsorbed Na atoms, respectively. *E*~Na~ is calculated by putting up a single sodium atom at the center of a simple cubic lattice with the cell parameter of 19 Å. This large cell parameter is applied to avoid the interaction of sodium atoms in a periodic boundary condition.

The cohesive energies are obtained to study the stability of multiple sodium adsorbed structures as follows^[@ref7]^where *E*~coh~, *E*~complex~, *E*~C~, *E*~B~, and *E*~Na~ are the cohesive energy and the energies of the Na--GDY/BGDY structures, the isolated carbon atom, the isolated boron atom, and the isolated sodium atom, respectively. Also, *m*, *n*, and l are the number of carbon atoms, boron atoms, and sodium atoms, respectively. The more negative value of cohesive energy indicates higher stability of the structure.

The climbing image nudged elastic band (CI-NEB) method^[@ref47],[@ref48]^ was utilized to find the pathway with the minimum energy barrier for Na ion diffusion. This method is based on acquiring the minimum energy barrier for sodium ion migration on BGDY between the initial and the final position.

Conclusions {#sec4}
===========

In summary, using density functional theory calculations, we concluded that doping of the closed-shell GDY by boron atoms leads to the improvement in the sodium storage capacity of this structure. By comparing the adsorption energy values, we showed that the sodium adsorption ability of BGDY is more than that of GDY. Also, the results of the diffusion energy barrier calculations indicate that boron atoms lead to a decrease in the activation energy for sodium ion migration between the active adsorption sites. The analyses of PDOS plots show that the adsorption phenomenon on BGDY and GDY is electrostatic and not covalent. This electrostatic interaction is critical for the reversibility of the charge/discharge process. On the other hand, from the PDOS plots, the amount of sodium ionization at the BGDY sites is more than that at the GDY sites, which is in agreement with the adsorption energy values. Finally, there is an increase in the theoretical capacity of BGDY (872.68 mAh g^--1^) in comparison with that of GDY (744 mAh g^--1^).

Thus, by a comparison with some other commercial ready electrode material such as hard carbon,^[@ref59],[@ref60]^ BGDY could show good performance in SIBs.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c00422](https://pubs.acs.org/doi/10.1021/acsomega.0c00422?goto=supporting-info).Adsorbed sodium on the H site and different concentrations of adsorbed sodium on the T site; electron charge density of the H site and the T site adsorption; and fully adsorbed BGDY ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00422/suppl_file/ao0c00422_si_001.pdf))
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